In this article, a novel hot wire oxidation-sublimation deposition (HWOSD) technique was developed to prepare molybdenum oxide (MoO x ) thin films with high 
Introduction
More and more attention has been paid to the novel silicon heterojunction (SHJ) solar cells by making use of metal oxides to replace the conventional doped hydrogenated amorphous Si (a-Si:H) thin films as the carrier selective transport layers [1] [2] [3] [4] [5] . Due to the wide band-gap nature, optional work functions and relatively simple fabrication techniques related to the metal oxides, the novel SHJ solar cells
show great potential to further improve the efficiency and reduce the cost of c-Si based solar cells 3, 6 . Difference between work functions of the metal oxides and Fermi level of the c-Si leads to a large energy band bending of the c-Si near the interface, which allows only one type of carriers to pass through and inhibits carrier recombination at the interface 7 . Some metal oxides with high work functions, such as 21, 22 , can be used as the electron selective transport layers instead of n-type a-Si:H in c-Si solar cells.
In recent years, remarkable achievements have been made on the SHJ solar cells using molybdenum oxide (MoO x ) with wide band-gap (3.0-3.3 eV) and high work function (>6 eV) as the HSL 5, [23] [24] [25] [26] [27] . Various techniques, such as thermal evaporation [3] [4] [5] , electron beam evaporation 20, 28 , atomic layer deposition 29, 30 , sputtering 31, 32 and solution-processed method 6 , etc. , are available in preparation of MoO x thin films. By using thermal evaporated MoO x thin films as the HSL, silicon heterojunction solar cells with the power conversion efficiencies up to 22.5% were fabricated by Jonas
Geissbuhler et al. 3 . Jing Yu et al. 20 prepared the MoO x films using electron beam evaporation and achieved an efficiency of 14.2% on a plane SHJ solar cell with the structure of MoO x /n-type c-Si/MgO. A solution-processed method was reported by Jingnan Tong et al. 6 to form the MoO x layers by spin-coating hydrogen molybdenum bronze solution on crystalline silicon wafer surfaces. However, properties of the MoO x thin films and performance of the devices need to be further improved. To promote the commercialization of the novel SHJ solar cells in the future, a simple and scalable production technique capable of fabricating high quality MoO x thin films is needed.
In this work, a hot wire oxidation-sublimation deposition (HWOSD) technique was developed to fabricate amorphous molybdenum oxide thin films with good photoelectric properties. SHJ solar cells were fabricated making use of the HWOSD MoO x as the HSL. Investigations and optimizations of the device structure, interface passivation and annealing process were carried out. A power conversion efficiency up to 21.10% was achieved for a champion SHJ solar cell with the structure of Ag/ITO/n-type a-Si:H/ intrinsic a-Si:H/n-type textured c-Si/intrinsic a-Si:H/MoO x /Ag.
Dark J-V-T characteristics were analysed to understand the transport mechanisms of the novel heterojunction solar cells.
The hot wire oxidation-sublimation deposition technique
A schematic diagram of the hot wire oxidation-sublimation deposition (HWOSD) technique is presented in Fig. 1 . In a deposition chamber with oxygen atmosphere, molybdenum wires is electrically heated to high temperature. MoO x molecules are generated on the surface of hot molybdenum wires and are sublimated directly into the chamber. The MoO x molecules adsorb, diffuse, coalescence and finally form the MoO x thin films on the substrate. The HWOSD technique is novel and it has many advantages over thermal evaporation [3] [4] [5] in the preparatin of MoO x films. For example, by designing the structure of hot wires, for example increasing the length of molybdenum wire and arranging the multiple molybdenum wires, MoO x films with large area can be deposited by HWOSD; The MoO x is generated while sublimating in HWOSD, the deposition rate can be increased by raising oxygen pressure and/or the temperature of molybdenum wire without the problem of the powder spattering in the thermal evaporation. films is given in Figure S1 ). The dark conductivity of the optimized MoO x film is 1.6 ×10 -6 S/cm. The XRD spectrum shows that the HWOSD MoO x thin film is in an amorphous structure ( Figure S2 ). (Table S1 ). Compared with the solar cell without any passivation layer, all the passivation methods we tried improved the performances of the solar cells to some extent. Among them, the intrinsic a-Si:H layer deposited using PECVD exhibits the best passivation effect. The UV/O3 treatment is quite simple compared with the a-Si:H deposition technique.
However, the passivation effect of the UV/O3 photo-oxidized SiO x layer is less than satisfactory. Similar to reported in the literature 3 , we also noticed that the According to the universal rectification models, the relation between the current density and the applied voltage can be written as an empirical equation:
where J 0 is the saturation current density and the exponential factor A depends on the transport mechanisms.
Based on equation (1) and c, respectively. In both a and b processes, thermionic activation of majority carriers is involved. Therefore, we use a total majority-carrier (electron) thermionic current density J Te to represent the thermionic emission and thermal assisted tunneling processes. Considering the series resistance R s at the same time, J Te can be expressed
where  Bn is the effective barrier height for electrons, C(T) is a temperature dependent pre-factor.
The process c in Fig. 7(c) presents the tunneling process of holes. The current density J Tu can be expressed as 35,36
In this expression, E 0 is named as tunneling barrier energy and it corresponds to the almost invariable slopes of the dark J-V curves at low bias as Fig. 7(a) shows. In the following fittings, E 0 is simplified to be a constant. 
Conclusions
The hot wire oxidation-sublimation deposition method is demonstrated to be a promising technique for preparation of high-quality MoO x films with uniform thickness, compact structure, nice photoelectric properties and conformal coverage on 
